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Spectroscopic ellipsometry sSEd has been performed to determine the optical properties of the InN
epitaxial films grown by nitrogen-plasma-assisted molecular-beam epitaxy on Sis111d substrates
using a double-buffer technique. In addition to SE, cross-sectional transmission electron microscopy
and x-ray diffraction reveal that epitaxially grown InN epilayer is homogeneous with high
crystalline quality and does not include any metallic In. SE results analyzed by the Adachi’s model
for the dielectric function of InN show that the optical absorption edge of InN varies in the range
of 0.76–0.83 eV depending on the carrier concentration, which is determined by the thickness of the
AlN buffer layer. © 2005 American Institute of Physics. fDOI: 10.1063/1.1929097g
Indium nitride sInNd is an interesting and potentially im-
portant semiconductor material with superior electronic
transport properties over other group-III nitrides, which is
suitable for high speed and high frequency electronic device
applications.1 Recently, InN has received much attention due
to the discovery of its narrow direct band gap around 0.7
eV,2–6 in sharp contrast to the widely cited value of ,1.9 eV
in the literature.7 It seems this controversy strongly depends
on the crystalline quality of the InN samples. In fact, the
previously reported band gap ,1.9 eV was mostly deter-
mined by the optical absorption measurements performed on
InN deposited by sputtering techniques, in which oxygen in-
corporation is a severe problem. In contrast, InN films with a
narrow band gap are typically grown by molecular-beam ep-
itaxy sMBEd and metalorganic vapor phase epitaxy
sMOVPEd technique, which can yield high crystalline qual-
ity films.
The dispersion of optical properties is one of the most
important material properties and in parallel with the contro-
versy related with the band gap, the material properties of
InN, especially near the band gap, are still a conflicting issue.
Following the report on the spectral dependence of the opti-
cal constants of InN by Guo et al.,8 there have been several
studies attempting to model the dielectric functions of InN in
a wide spectral range.9–12 Since the optical properties of InN
strongly depend on the growth process, constructing a unique
model to describe the dispersion of dielectric function of InN
is not a trivial matter. In this letter we report the results of
ellipsometric studies on the refractive index and the optical
absorption of wurtzite InN epilayers grown on Sis111d with a
b-Si3N4/AlNs000-1d double-buffer layer. For InN grown on
Si, Si atoms may work as donors in InN layer so that the
thickness or the type of buffer layer can play an important
role for the electrical and optical properties of InN, in con-
trast to InN grown on sapphire substrates. Buffer layer de-
pendent optical properties of InN are determined by using
the Adachi’s model for the dielectric function sMDFd.13 The
onset of optical absorption in the epitaxially grown InN is in
the near-infrared sIRd region and the Burstein–Moss effect
on optical absorption edge is observed for the InN epilayers
grown with different carrier concentrations.
For this work, three InN epilayers ssamples A, B, and Cd
were grown by plasma-assisted MBE on Sis111d substrates.
Significant improvement of the InN film quality grown on
Sis111d using the double-buffer technique and the details of
growing a coincident-lattice-matched b-Si3N4/AlN double-
buffer layer on Sis111d can be found elsewhere.6,14 In these
previous works, we have confirmed that the carrier concen-
trations in the InN epilayers can be controlled by varying the
thickness of the AlN buffer layer, as reported by Lu et al.15
We believe that in our case the control of electron concen-
tration is realized by blocking Si impurity diffusion from the
substrates.14
Figures 1sad and 1sbd show the cross-sectional transmis-
sion electron microscopy sXTEMd image and selective-area
electron diffraction sSAEDd pattern at the InN/AlN interface
of sample B. XTEM image in Fig. 1sad shows homogeneous,
high-crystalline quality of the InN epilayer with abrupt het-
erointerfaces. Furthermore, no In precipitates or clusters are
observed. In the SAED pattern fFig. 1sbdg, both InN sinner
rectangled and AlN souter rectangled lattice patterns can be
clearly identified. The wurtzite lattice parameters derived
from this pattern are a=0.35 nm and c=0.57 nm for InN,
and a=0.31 nm and c=0.49 nm for AlN, in good agreement
with the known bulk lattice parameters.2,12,16 The zone axis
of the XTEM measurement is along the k-1-120l direction of
the wurtzite lattice. The abrupt interface formed between
AlN and InN and sharp SAED spots demonstrate the signifi-
cant improvement of crystallinity of epilayers by using the
technique of coincident lattice matching. In addition to pro-
vide the information of crystalline quality, XTEM images
were also used to determine the thicknesses of comprising
layers for modeling the subsequent spectroscopic ellipsom-
etry sSEd study. The thicknesses of InN layers for samples A,
B, and C are about the same s,300 nmd, but the thicknesses
of AlN buffer layers are 127 and 35 nm for samples A and B,
respectively, and for sample C, InN epilayer is directly
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grown on Si without any AlN buffer layer. The thicker AlN
buffer layer is expected to more efficiently block the outdif-
fusion of Si atoms working as donors in the InN layer. The
electron concentrations and mobilities of the samples ob-
tained by room-temperature Hall measurements for samples
A, B, and C are 0.68, 1.07, and 7.4531019 cm−3 and 690,
368, and 263 cm2/V s, respectively.
Figure 2sad shows a typical x-ray diffraction sXRDd re-
sult obtained from an InN epilayer grown on Si with an
optimized In/N flux ratio. Three prominent XRD peaks, re-
lated to Si substrate, InN film, and AlN buffer, could be
clearly resolved in the semilogarithmic plot and, in agree-
ment with the XTEM observation, no trace of metallic In is
detected. This is in contrast to the recent report by Shubina et
al.17 In that work, the authors concluded that the 0.7 eV
absorption edge of the MBE-grown InN is due to the exis-
tence of metallic In clusters in InN, not related with the
intrinsic band gap of InN. In some of our samples grown
with slightly In-rich In/N flux ratios, we did observe the
presence of metallic indium in the form of surface metal
droplets sconfirmed by scanning electron microscopyd. How-
ever, these In droplets can be readily removed by a selective
etching using a dilute s10%d HCl solution, as demonstrated
in Fig. 2sbd.
The optical constants of the InN layers were determined
by SE operating at the spectral range between 0.6 and 4.2 eV.
For near-IR SE measurement, an extended InGaAs photodi-
ode scutoff wavelength ,2.05 mmd was employed. The stan-
dard ellipsometric parameters C and D are related to the
complex reflectance ratio r by
r ;
rp
rs
= tan CeiD, s1d
where rp and rs are the reflection coefficients for light polar-
ized parallel spd, and perpendicular ssd to the plane of inci-
dence, respectively. A regression analysis is performed to
deduce the model parameters in the layer model which con-
sisted of ambient/ InN/ interface/AlN/Si3N4/Si substrate.
The complex dielectric constants of Si and Si3N4 are ob-
tained from the literature,16 and those of AlN were indepen-
dently determined by a separate SE measurement. The inter-
face layer is modeled by an effective medium approximation
assuming an equal mixture of InN with AlN.
Adachi’s MDF at critical transitions was used for the
InN epilayers. The complex dielectric functions in MDF are
described by the sum of terms corresponding to band-to-
band transition and excitonic contributions at critical points
E0 and E1 and the additive constant term «‘.10 The lowest
critical point E0 corresponds to the optical absorption edge
and is usually different from the true band gap depending on
the Fermi energy level in the conduction band.9,10 Since each
sample was grown under the identical condition except the
thickness of AlN buffer layer, the fitting parameters were
supposed to be similar for all samples. Therefore, the mea-
sured data were fitted by using a set of common parameters
and sample-dependent parameters, such as, E0.
Since we are interested in the optical absorption near the
band gap and usually ellipsometric function cos D provides
the sensitive information of the absorption, in Fig. 3sad, we
only plotted sins2Cdcos D of three InN films at near-IR re-
gion, where the prominent absorption occurs. Open circles
and the solid lines are the experimental and calculated data,
showing excellent agreements for all three samples. The cor-
responding real snd and imaginary skd parts of refractive in-
dex in a wide energy range for sample A are plotted in Fig.
3sbd. The imaginary part k increases sharply above the band
FIG. 1. sad XTEM image of InN/AlN/Si3N4/Si substrate and sbd SAED
pattern taken at the InN/AlN interface for sample B. The measured wurtzite
lattice parameters are a=0.35 nm and c=0.57 nm for InN sinner rectangled,
and a=0.31 nm and c=0.49 nm for AlN souter rectangled. The zone axis is
the along the k-1-120l direction.
FIG. 2. sad XRD pattern from an InN epilayer s,120 nmd grown on Sis111d
with an optimized In/N flux ratio; sbd XRD patterns of a thin InN epilayer
s,15 nmd grown on Sis111d with an unoptimized sIn-richd In/N flux ratio
before supper paneld and after slower paneld selective etching in a dilute HCl
s10%d solution for 15 min. The peak at 2u,33° smarked by an arrowd,
which corresponds to metallic In, disappears after etching.
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gap and remains nearly constant in the visible range, as re-
ported by a similar SE measurement.12 From the best fitting
parameters listed in Table I, we found that the critical point
E0 increases with increasing carrier concentration. Further
increase of k in deep-UV range corresponds to the absorption
at the critical point E1 saround 4.6 eVd due to the strong
transition between the highest valence and lowest conduction
bands on the LM line in the Brillouin zone.12 The inset in
Fig. 3scd shows the corresponding absorption coefficient a,
which increases continuously with the energy following a
sharp onset above the band gap. From the linear relation of
a2 with the energy in Fig. 3scd, the absorption edges Ea are
estimated and they are 0.76, 0.80, and 0.83 eV for samples
A, B, and C, respectively. We believe that the blueshift of
absorption edges of samples A and B with respect to sample
C corresponds to the increase of carrier concentrations,
which is consistent with the Burstein–Moss shift of the
Fermi level.3
In summary, by using spectroscopic ellipsometry, we
have studied the dispersion of complex refractive index of
InN epilayers grown on Sis111d by plasma-assisted MBE.
High-quality InN epilayers have the onset of the absorption
edge in the near-IR region followed by the continuous in-
crease of absorption up to the deep-UV region. The absorp-
tion edge shifts from 0.76 to 0.83 eV depending on the car-
rier concentration of InN. The thickness of the AlN buffer
layer is particularly important for the InN layers grown on Si
substrates because it can control the diffusion of Si atoms
from the substrates to the InN epilayers and consequently
can change the carrier concentration of the InN epilayer.
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FIG. 3. sad Ellipsometric spectra sins2Cdcos D of samples A, B, and C.
Open circles are measured data and the solid lines correspond to the calcu-
lated data from MDF modeling; sbd spectral response of the complex refrac-
tive index of sample A; scd squared absorption curve sopen circlesd for
samples A, B, and C near the absorption edge. Solid lines are extrapolations
of a2 to the energy axis to determine the absorption edges. Inset: absorption
spectra for sample A in a wide energy range.
TABLE I. Carrier concentration, Hall mobility, and film thickness of InN
samples. The transition energy and absorption edge are obtained from Ada-
chi MDF sdetails are in Ref. 10d by using the common fitting parameters
A0=4.60, A0X=0.005 eV, G0=0.013 eV, G0=0.022 eV, B1=3.26 eV, E1
=4.60 eV, B1X=1.1 eV, G1=1.84 eV, «‘=1.73, and G1=0.9–3.35 eV
ssample dependentd.
Sample
Carrier
concentration
s31019cm−3d
Hall mobility
scm2/V sd
Thickness
sInN/AlNdsnmd E0seVd EaseVd
A 0.68 690 326/127 0.78 0.76
B 1.07 368 320/35 0.82 0.80
C 7.45 263 295/0 0.86 0.83
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